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This document 

a Dew Point Hygrometer 

describes the  design, development and t e s t ing  of 

Systen developed by Cambridge Systems, 

Incorporated, Newton, Massachusetts fo r  use in the  NASA/GeminiManned 

Spaceflight Program. 

The system is a hand held instrument designed t o  measure and 

visual ly  display t h e  dew point, ambient, and surface temperatures inside 

a spacecraft. 

The information i n  this document covers the background and require- 

m e n t s  fo r  developmcmt of the  system, major milestones i n  the  performance 

of the contract ,  description of the resul tant  configuration, highlights 

of t he  engineering development, suuxuaries of qual i f icat ion and acceptance 
tes t ing  r e su l t s ,  and recommendations for  additional engineering development 

of future  systems. 
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SECTION 1 

INTRODUCTION 

1.1 Background 

Cambridge Systems, Incorporated (CSI), Newton, Massachusetts 

has  recent ly  completed Contract NAS 9-4793 with t h e  National Aeronautics 

and Space Administration's Manned Spaceflight Center i n  Houston, Texas. 

The contract  ca l l ed  f o r  CSI t o  design develop, fabr ica te ,  test ,  and 

de l ive r  four miniature dew point hygrometer systems having the  dual 

capab i l i t y  of measuring dew point temperatures and a i r  o r  surface temper- 

a tu re s .  

It w a s  planned t o  employ the system as p a r t  of t h e  spacecraft  

instrumentation i n  t h e  extended o r b i t a l  missions of t h e  NASA Gemini 

Program. 

I n  previous space f l i g h t s  only l imited information had been ob- 

ta ined  regarding environmental r e l a t i v e  humidity o r  dew point temperature. 

This information is necessary t o  evaluate  the  performance of water 

removal 

t o  be maintained, i n  terms of both p i l o t  comfort and equipment protect ion.  

CSI had previously developed miniature dew point hygrometers under 

A i r  Force Contracts AF19(604) -8812, and AF19(628)-410, Army Contract DA36- 

039-AMC-O3763(E) and NASA Contract NAS 9-2917. The latter e f f o r t  produced 

a miniature hygrometer system designed t o  measure dew point  temperatures 

i n  l i f e  supporting atmospheres as encountered i n  spacecraf t .  

systems and t o  permit t h e  most des i rab le  spacecraf t  environment 

The concepts and hardware developed under these cont rac ts  provided 

a r e l i a b l e  point  of departure  fo r  development of t he  NASA/Gemini u n i t s ,  

however, a considerable engineering e f f o r t  w a s  required t o  m e e t  t h e  

s t r ingen t  environmental criteria and s i z e ,  weight and input pc--ier cons t ra in ts  

associated with manned space f l i g h t .  

-1- 



1.2 Program Milestones 

The major milestones i n  the  performance of t h i s  contract  w e r e ,  

of course, t h e  hardware delivery dates, however, a number of other  events 

are almost equally important. 

milestones are summarized i n  Table 1. 

The s igni f icant  hardware and reporting 

1.3 Nomenclature 

Four complete systems w e r e  del ivered under t h i s  contract ,  a 

prototype, a qua l i f i ca t ion  test art icle,  and two f l i g h t  articles. The 

system Configuration is shown in Figure 1. The nomenclature and model 

numbers assigned t o  the  systems are ident i f ied  below: 

System Name: 

Model Numbers: 

NASA/Gemini Dew Point  Hygrometer System 

Sensor - CSI Model 137-S4-TH, NASA, P a r t  No. EC32003 

Control Unit - CSI Model 137-C5, NASA, P a r t  No.EC32005. 

Cable - NASA P a r t  No. 32004. 

S e r i a l  Numbers: 1 through 5*. 

1.4 Scope and Organization of Report 

This is  the  f i n a l  report  of Contract NAS9-4793. 

documents and summarizes r e su l t s  of t h e  e n t i r e  contractual e f f o r t  and 

provides conclusions and recomnendations based on experience and r e s u l t s  

obtained during t h i s  program. 

A s  such it 

Although an e f f o r t  has been made t o  facil i tate in t e rp re t a t ion  

of t h e  information i n  t h i s  report  without extensive cross referencing t o  

o ther  documents, no attempt has been made t o  reproduce the  da ta  from tests 

which have been reported elsewhere. 

they have been summarized i n  the na r ra t ive  of t h i s  document. 

Where r e s u l t s  are considered important, 

The remainder of this report  is  organized as follows: 

* S e r i a l  No. 1 w a s  t he  prototype, S e r i a l  No. 2 w a s  t h e  i n i t i a l  q u a l i f i -  

ca t ion  test u n i t ,  however, it w a s  destroyed during t e s t ing ,  and w a s  

replaced by S e r i a l  No. 3. Ser i a l  Nos. 4 and 5 w e r e  delivered as f l i g h t  

a r t i c l e s  . 

-2- 



Section 2,  Engineerinq, describes the  requirements, r e s u l t s  and 

highl ights  of t he  engineering development e f f o r t .  

Section 3, Testing, summarizes t h e  t e s t i n g  ca r r i ed  out on the  

completed systems and indicates t h e  extent t o  which t h e  performance 

and design goals were s a t i s f i e d .  

Section 4, Conclusions and Recommendations, provides CSI's con- 

clusions concerning system design and makes recommendations f o r  

addi t iona l  research and development i n  dew poin t  hygrometry f o r  

appl icat ion t o  spaceflight missions. 

Section 5, References, l ists  t h e  documentation and drawings 

developed under t h i s  program. 
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TABLE 1 PROGFLW MILESTONES 

Milestone Event 

P e r f o r m a n c e  P e r i o d  1 

P r o t o t y p e  Sys t em ( S / N  1) 
D e l i v e r e d  

Z u a l i f i c a t i  n T e s t i n g  
(S/N 2 , 3 , 4 )  s 
? l i g h t  S y s t e m s  (S/N 4 , 5 , )  
I e l i v e r e d  

l u a l i f i c a t i o n  Sys t em (S/N 3 )  
)e 1 ive  red 

k c e p t a n c e  T e s t  P r o c e d u r e  

l u a l i f i c a t i o n  T e s t  P r o c e d u r e  

I n s p e c t i o n  P l a n  

' a i l u r e  Modes, E f f e c t s  
a n d  C r i t i c a l i t y  A n a l y s i s  

P r e s e r v a t i o n ,  P a c k a g i n g ,  
H a n d l i n g ,  S t o r a g e  and  
S h i p p i n g  P r o c e d u r e s  

Drawings ( I n i t i a l  Releases) 
( F i n a l  S e p i a s  and  P r i n t s )  

I n s t r u c t i o n  Manua l s  

F i n a l  A c c e p t a n c e  T e s t  
Repor t '  (S/N 1 , 4 , 5 )  

F i n a l  Q u a l i f i c a t i 9 n  T e s t  
R e p o r t  (S /K  2 , 3 , 4  ) 

Yonth ly  P r o g r e s s  R e p o r t s  

l r  

NOV 

. 

- -  D e c ,  

1965 

J u n ,  

2 1- 
- __. 

2 5  

5 

5 

5 

27 

4,3c 

27 

- 

Sep 
- 

10- 

3 

27 

- 

Oct 

_I__ 

- 

23,; 

2 9  

- 

- 

1 8  - 

1 9  

24  

2 6  

2 9  

- 

7 

3 

1. C o n t r a c t  NAS 9-4793, d a t e d  1 7  J u n  65 ,  w a s  r e c e i v e d  by 
CSI 2 1  J u n .  65. P e r f o r m a n c e  p e r i o d  w a s  e x t e n d e d  t o  3 1  
J a n .  66 by C o n t r a c t  Mod. N o .  3.  

-3 1 

1 4  

1 4  - 

2.  

3 .  

Each h y g r o m e t e r  s y s t e m  w a s  s h i p p e d  w i t h  A x e p t a n c e  T e s t  
D a t a  S h e e t s  and  t h e  NASA-MSC Sys tem Histor ical  Record .  

h 'ygrometer  s y s t e m  S/N 2 ,  damaged beyond r e p a i r  d u r i n g  
q u a l i f i c a t i o n  t e s t i n g ,  w a s  r e p l a c e d  by S / N  3 .  System 
S/N 4 ,  a f l i g h t  a r t i c l e  w a s  s u b j e c t e d  t o  o n l y  a p o r t i o n  
o f  t h e  EM1 T e s t s .  
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Sensor  U n i t  137-S4-TB 

Figure 1. Dew Point Hygroneter  System 
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SECTION 2 

ENGINEEXING 

I -  
2.1 Ob 1 ect ives  

The basic object ive of t h i s  program w a s  t o  design, f ab r i ca t e ,  and 

qua l i fy  fo r  manned space f l i g h t  an accurate  and r e l i a b l e  instrument f o r  

measuring dew point ,  air and surface temperatures in  spacecraft  systems. 

It was  planned that the dew point hygrometer system would be u t i l i z e d  on 

t h e  extended o r b i t a l  f l i g h t s  of NASA's Gemini program. 

2.2. Requirements 

The following spec i f ica t ions  were establ ished t o  assure  

compatibil i ty of t h e  delivered sys t ems  with the  rigorous requirements of 

t h e  manned space f l i g h t  environment: 

The required system w a s  t o  consis t  of a hand-held instrument 

designed t o  measure and v isua l ly  display the  dew point ,  ambient, and 

sur face  temperatures existing inside a spacecraft .  

designed f o r  minimum weight and s i ze ,  f o r  low power d iss ipa t ion  

cha rac t e r i s t i c s ,  and f o r  long term r e l i a b i l i t y  during f l i g h t .  

performance and operating spec i f ica t ions  establ ished f o r  t h e  system are 

summarized below: 

The system w a s  to be 

The major 

2.2.1 RanR e 

Capable of reading dew poin t ,  ambient, and surface 

temperatures between 40° F. and looo F. 

2.2.2 Response 
0 

The time f o r  a 63% response to a 20 F. s t ep  change i n  

either dew point or surface temperature w a s  t o  be 10 seconds, o r  less. 

2.2.3 Accuracy 
Withi= + lo p-rer =Ettre nnerstino ranGe_ -r-------o --- - 

2.2.4 S t a b i l i t y  

Total  D r i f t  w a s  not t o  exceed 5 1% of f u l l  scale over the  

e n t i r e  operating range. 

2.2.5 Output 

I n i t i a l l y ,  both output meter f o r  d i r e c t  readout and 

vol tage  output for telemetry transmission were specif ied.  

funct ion w a s  later eliminated. 

The te lemetry 

-6- 



I .  

2.2.6 Power Diss ipa t ion  

For a nominal supply voltage of 28 VDC, steady state power 

consumption w a s  t o  be 3 watts (or less) when measuring the dew point 

temperature at r e l a t ive  humities between 50% and 100%. 

2.2.7 Weipht and S i z e  

The en t i r e  systen including cable w a s  t o  weigh less than 

2 pounds 4 ounces, and was  constrained t o  f i t  within the  follclwing 

dimensional envelope: 

Sensor: 

Control Unit: 6 inches long, 2 inches wide, 2.5 inches 

A cylinder 1 inch i n  diameter and 3 inches long. 

high. 

I n  addition t o  these performance characteristics, the  s t r ingent  

operating environments and conditions of manned space f l i g h t  imposed several  

additional constraints on system design (See Table 2). The most signif icant  

of these w a s  the  100% oxygen atmosphere in  the  spacecraft. 

use of a motor driven asp i ra tor  and dictated design of an essent ia l ly  no- 

f l o w  (diffusion) sampling system. 

This precluded 

The design e f fo r t  required under t h i s  contract w a s  directed toward 

achieving these specified performance levels and conditions within a 

framework of maximum r e l i a b i l i t y  and measurement accuracy 

I n  the paragraphs tha t  follow, functional and c i r c u i t  descriptions 

of the  resul tant  system, and discussions of engineering highlights and 

problems encauntered i n  the  e f fo r t  are provided. 

2.3 Functional Pescripcion 
The functional block diagram fo r  the  dew point hygrometer 

system is shown i n  Figure 2. The Sensor uni t  depicted in  the  diagram 

contains a mirror surface which is thermally bonded t o  a s m a l l  thermo- 

electric cooling module. The module, when excited with d i rec t  current of 

proper polar i ty ,  causes heat t o  be pmped from the  mirror and thus lowers 
the temperature of t he  mirror surface. As t h e  mirror temperature reaches 

t h e  dew point ,  the  process of condensate formation on the  mirror surface 

commences. 

t h e  v i s ib l e  l i g h t  ref lect ion character is t ic  of t he  mirror t o  change. 

The presence of the condensate on the  mirror surface causes 

-7 - 



TABLE 2 

ENVIRONMENTAL CRITERIA 

EKVIRONMENT EON OPERATING OPERATING -I 

TEMPERATURE 

PRESSURE 

RELATIVE HUMIDITY 

OXYGEN ATMOSPMERE 

ACCELERATION 

RANDOM VIBRATION 

20 t o  400  c p s  

4 0 0  t o  8 0 0  c p s  

800 t o  1 0 0 0  c p s  

1000  t o  2000  c p s  

SALT SPRAY 

0 t o  160°F 

23.5  t o  1.0 x 1 0  p s i a  -12 

1 5  t o  1 0 0 %  

1 0 0 %  O 2  a t  p r e s s u r e s  
be tween 5.0 and  15.5 p s i a  

0 t o  7 .5  g 

L i n e a r  I n c r e a s e  fo rm (2.02 

c o n s t a n t  a t  0.09 g 2 / c p s  

l i n e a r  decrease f rom 0.09 
0 . 0 1  g 2 / c p s  

C o n s t a n t  a t  0.01 g 2 / c p s  

t o  0 .09 g 2 / c p s  

5% s a l t  s o l u t i o n  

4 0  t o  100°F 

1 5 . 5  t o  5.0 p s i a  

158  t o  1 0 0 %  

1 0 0 %  O2 a t  
p r e s s u r e s  be tween  
5 .0  and  15.5 psia 

0 q and 1 . 0  g 

C o n s t a n t  a t  
0 . 0 0 8  g2/cps 
be tween  20  and  
500 cps. 

N o t  a p p l i c a b l e  

-8- 
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The mirror  sur face  is il luminated by an incandescent source i n  such a 

fashion t h a t  t h e  change in  r e f l e c t i v i t y  is  detected by t h e  DIRECT and 

BIAS photocel ls  which develop a difference vol tage that unbalances the  

photoe lec t r ic  bridge.  

input of t h e  operat ional  amplifier,  which i n  t u r n  cont ro ls  t he  d i r e c t  

current  supplied to t he  thermoelectric cooling module i n  d i r e c t  proportion 

t o  t h e  input s igna l .  Using t h i s  proport ional  d i r e c t  current  t o  e x c i t e  t h e  

cooler  i n  a negative sense,  i.e., causing t h e  mir ror  t o  became cooler  when 

a decrease i n  condensate occurs,  t he  system w i l l  s t a b i l i z e  on and control  

about a p a r t i c u l a r  dew l aye r  thickness.  

temperature under s t a b i l i z e d  conditions is a measurement of dew point .  

This is accomplished by a thermistor which senses temperature as a res i s tance  

change. 

c i r c u i t  t he  output of which is amplified t o  d e f l e c t  t he  needle of t he  m e t e r .  

Measurement of air o r  surfacz temperature i s  accomplished by an iden t i ca l  

thermistor  located at  the  end of t h e  senSor u n i t .  

The output of the sensing bridge i s  applied t o  t h e  

A measurement of t h e  mirror  

The thermistor  is e l e c t r i c a l l y  connected i n  a Wheatstone bridge 

2.4 Circu i t  descr ip t ion  

The schematic diagram fo r  t h e  Dew Point  Hygrometer System is shown 

i n  Figure 3. The c i r c u i t  i s  designed t o  operate as follows: 

The formation of condensate on t h e  mirror surface causes a 

reduction i n  t h e  amount of light received at t h e  photocel l  labeled DIRECT 
and a consequent change i n  t h e  device res i s tance .  

second photocel l  labeled BIAS, comprise t h e  o p t i c a l  por t ion  of t h e  bridge 

c i r c u i t .  

complete t h e  conventional bridge. The bridge output s igna l  is taken from 

t h e  arm of R45 and from t h e  conrmon point  of t h e  photocel ls .  The s igna l  

from t h e  cumnon point on t h e  photocell  is fed i n t o  t h e  input of t he  

opera t iona l  amplif ier .  

of negat ive feedback. The output of t he  operat ional  amplif ier  is  then fed 

t o  Q9 which serves  as a d r ive r  s tage  for  t he  cont ro l  ampl i f ie rs  47 and 48. 
An unbalanced condition i n  t h e  photocel l  bridge causes 47 o r  48 (whichever 

is biased on) t o  become more conductive and permits current  t o  flow 

through t h e  thermoelectr ic  cooler TE-1, causing i t s  surface t o  become cool. 

This photocel l  and a 

Res is tors  R39 through R42 and potentiometer R45 (labeled BALANCE) 

Stab le  operation is insured by use of over 60 db 

-10- 
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When the surface has cooled t o  the dew point ,  condensate forms on t h e  mirror 
surface and tends t o  force the  photocell bridge toward the  balance point.  

This reduces the  amount of cooling proportionately u n t i l  an equilibrium 

s i tua t ion  is  establ ished,  whereby a f i lm of condensate is maintained on 
t h e  mirror surface.  

l ayer  f i lm thickness a t  equilbrium. 

The BALANCE potentiometer thus determines the  dew 

Sat isfactory operation of the hygraneter can be deduced from t h e  

behavior of t h e  mirror surface temperature as indicated by t h e  m e t e r .  

soon as t h e  switch is placed i n  the dew pos i t ion  t h e  mirror surface 

temperature is  at the  temperature of the metal p a r t s  in t he  sensor,  t yp ica l ly  

t h e  ambient storage temperature. The cooling begins immediately and 

proceeds t o  reduce the  mirror temperature t o  a point s l i g h t l y  bel- t h e  

dew point temperature. During t h i s  t i m e  a t h i n  f i l m  of dew i s  forming on 

t h e  mirror surface.  When su f f i c i en t  dew has formed, t he  temperature w i l l  

rise t o  t h e  t r u e  dew point temperature maintaining a dew f i lm of constant 

r e f l e c t i v i t y  and e s sen t i a l ly  constant thickness.  

t h e  dew build up w i l l  vary, being less f o r  high r e l a t i v e  humidity and high 

a s p i r a t  ion rates. 

As 

The time required f o r  

The readout c i r c u i t r y  operates independently of t he  control  

c i r c u i t r y .  The thermistors,  one (R49) embedded i n  the  mirrored surface 

and t h e  other  (R48) located at  the t i p  of t h e  sensor u n i t ,  u t i l i z e  a 

conventional bridge arrangement t o  obtain a voltage corresponding t o  the 

temperature sensed. 

A2 which u l t i m a t e l y  dr ives  the meter by means of Q l O .  

The bridge output is fed i n t o  an operat ional  amplif ier  

The input power supply for t he  Dew point Hygrometer System may range 

from 18.0 VDC t o  30.5 VM: (28 WC nominal). 

t r ans i s to r i zed  inverter-regulator operating at approximately 3KC. 
Zzvorter siipplies Dower fo r  a posi t ive 8.5 vo l t  supply, a negat ive 8.5 vo l t  

supply and a low voltage 2 ampere supply to operate t h e  thermoelectric 

cooler .  

ampl i f ie rs  and the  o p t i c a l  and temperature measuring bridges. 

This power i s  fed i n t o  a 

The 

The two 8.5 vo l t  supplies are used t o  power the operat ional  

2.5 Sensor Development 

The primary goals f o r  designing t h e  sensor shown i n  Figure 4 were 
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t 

s m a l l  s i z e ,  high accuracy, and fast measurement response. 

configurations developed under previous contracts  provided a point of 

departure,  but considerable modification w a s  necessary t o  m e e t  the  require- 

m e n t s  of this  program. For example, the  earlier models, designed t o  

operate over a much wider range of temperatures, employed a platinum 

thermometer as the  basic sensing element. 

required f o r  the  Gemini hygrmeters made thermistors prac t icable  fo r  use. 

The 

The reduced span of temperatures 

2.5.1 Twera- ture .  Sensors 

Thermistors were par t icu lar ly  a t t r a c t i v e  due t o  t h e i r  r e l a t i v e l y  

l a rge  change i n  res i s tance  fo r  a given change i n  temperature (as compared 

t o  platinum thermometers) thus requiring less s igna l  amplification. 

addi t ion,  thermistors are considerably less expensive and smaller than 

platinum thermometers. 

of a platinum thermometer, but over 

program the  units selected vary less  than 2 0.5 

In 

The output of a thermistor is  not as linear as  tha t  

t he  60° F. range of i n t e r e s t  f o r  t h i s  
0 F. 

23.2 Livht Source 

Another improvement achieved i n  the  Gemini u n i t s  w a s  t he  incorpor- 

a t ion  of a lens  between the  l i g h t  source (a 0.02 candle power lamp) and 

t h e  mirror surface.  

loca t ion  of fi laments var ies  t o  such an extent  that t h e i r  center  of 

i l lumination i s  d i f f i c u l t  t o  control within the  necessary tolerances.  

addi t ion  of a lens  between the  lamp and the  mirror reduces t h e  e f f ec t  of 

t h i s  va r i a t ion  and a l s o  improves coll imation of t h e  beam of l i g h t  impinging 

on t h e  mirror.  

In the  lamps ava i lab le  f o r  t h i s  appl icat ion,  the  

The 

2.5.3 No-Flow Measurement 

One of the m o s t  d i f f i c u l t  aspects  of sensor design grew out of the  

s t i p u l a t i o n  that the measurements were t o  be obtained under no-flow conditions, 

i.e., nu aspiratiiiii s j 7 s ~ a  xiis t~ be - ~ l ~ y e c ! .  

Three basic  problems had t o  be overcome: f i r s t ,  t he  lack  of an 

air  flow through t h e  sensing chamber would make i t  d i f f i c u l t  t o  continuously 

reject heat from t h e  hot s ide  of the  thermoelectric cooler (used t o  bring 

t h e  mirror surface down t o  the  dew point temperature). 

l a rge  openings i n  t h e  housing would be necessary t o  permit diffusion t o  

t h e  sensing chamber. This would have t o  be accomplished without compromising 

Second, f a i r l y  
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the  s t ruc tu ra l  r i g i d i t y  of t he  sensor or  admitt ing extraneaus l i g h t  sources. 

F ina l ly ,  without an air  f l a w  t h e  response of t h e  instrument would not be 

as f a s t  as with an aspirated system. 

The heat re jec t ion  problem was overcome by se lec t ing  sensor 

components and encapsulating material with high thermal conductivity,  thereby 

providing an e f fec t ive  heat s ink.  The high thermal mass of the  connector 

assembly e f fec t ive ly  serves as a heat s ink fo r  t r ans i en t  operation (i.e., 

s ing le  dew point measurements). 

The exclusion of d i r ec t  l igh t  was  achieved by designing a su i t ab le  

housing port  arrangement and blocking the  remaining l i g h t  paths with 

spec ia l ly  designed l i g h t  shields  and molded sect ions of isofoam or  pot t ing 

compound. 

The approach toward achieving the  desired response cha rac t e r i s t i c s  

i n  the  a i r / sur face  temperature measurement was  focused primarily on t h e  

thermistor mount i t s e l f .  A configuration incorporating t h e  smallest thermal 

mass consistent with the  s t ruc tu ra l  and functional requirements of the 

system w a s  selected.  

aluminum f i l l  compound (Emerson Cumings 5 W ) .  

has high thermal conductivity,  thus providing good temperature response 

for t he  surface temperature measurement. 

The f ront  portion of t he  mount w a s  molded frum an 

The material i s  strong and 

2.5.4 M i n g  Technology 

Another improvement designed in to  t h i s  system w a s  i n  the  method 

Previous models of of bonding the  mirror t o  the  thermoelectric cooler. 

miniature hygrometers had employed an epoxy bond between mirror and cooler.  

After long usage thennal cycling tends t o  break down the  bond and t h e  mirrors 

separate  from the  coolers.  Consequently, t he  system i s  no longer capable 

of accurately measuring dew point temperatures s ign i f i can t ly  below the  ambient 

temperarure (depression tecmea pear). 

developed whereby a l o w  temperature solder (melting temperature approxbzte ly  

170° F) w a s  used fo r  the bond. 

cha rac t e r i s t i c s  of t h e  bond, but a l s o  provided better thermal conductivity 

f o r  t he  purpose of heat t r ans fe r  between mirror  and cooler.  

For this pr~grlm, a new method w a s  

This approach not only improved the  s t ruc tu ra l  
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The technology involved i n  t h e  soldering approach is extremely 

d i f f i c u l t  at  t h i s  time due t o  the c h a r a c t e r i s t i c  s e n s i t i v i t y  of thermo- 

electric coolers t o  concentrated hea t  ( the  solder  used i n  coolers m e l t s  

a t  230° F a l s o  l imit ing t h e  applications of these coolers) .  . 
2.6 Control Unit Development 

Design of t h e  e lec t ronics  package (control un i t  137-C5) f o r  t h i s  

system w a s  primarily influenced by t h e  size/weight cons t ra in ts ,  input power 

l imi t a t ion ,  and high r e l i a b i l i t y  requirements. 

Highlights of t he  resu l tan t  design and c e r t a i n  problem areas are 

discussed below. 

2.6.1 Integrated Circui ts  

Integrated components were used wherever possible  f o r  t h e i r  small 

s i z e ,  high r e l i a b i l i t y ,  and extremely low power d iss ipa t ion  characteristics. 

The integrated c i r c u i t s  selected f o r  amplif iers  A-1 and A-2 were especial ly  

a t t r a c t i v e  due t o  t h e i r  r e l a t ive ly  long h i s to ry  of high performance and 

good r e l i a b i l i t y .  

2.6.2 Cooler Control Circui t  

A unique cooler cont ro l  c i r c u i t  w a s  designed f o r  t h i s  pro jec t .  

thermoelectric cooler being a high current  - low voltage (low in t e rna l  

res i s tance)  device makes the  design of a high-efficiency r e c t i f i e r  sys tem 

q u i t e  d i f f i c u l t .  

a t  2 amps, thereby l imi t ing  i t s  e f f ic iency  t o  a maximum of 30%. 

developed f o r  t h i s  system eliminates t h e  r e c t i f i e r s  and therefore  i t s  high 

d i s s ipa t ion .  

t h e  double function of r e c t i f i e r  and regulator .  This scheme has improved 

system eff ic iency to 80%. 

The 

A good s i l i con  r e c t i f i e r  can have as much as 1 vo l t  drop 

The design 

The cooler i s  driven by two small t r a n s i s t o r s  t h a t  perform 

A switching type regulator w a s  i n i t i a l l y  considered t o  conserve 

input power, but due t o  the  increased c i r c u i t  complexity and d i E I k u l t  

f i l t e r i n g  requirements, it w a s  abandoned i n  favor of the  series type 

regula tor / inver te r .  
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2.6.3 Meter D a m p i n g  

Relays K l  and K2 are connected i n  such a way t h a t  when system power 

is  o f f ,  they short  t h e  m e t e r  out, thus damping m e t e r  movement due t o  

v ibra t ion ,  shock, e t c .  This feature  serves to protec t  t h e  m e t e r ,  when 

t h e  power i s  off such as during the ascent phase of f l i g h t .  

2.6.4 Temperature Compensated Voltage Reference 

To achieve s t a b l e  temperature output readings Over t h e  e n t i r e  

operating range of t h e  instrument, a temperature compensated voltage r e fe r -  

ence source has been incorporated. 

, i 
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SECTION 3 

TESTING 

In  addi t ion  t o  numerous component l e v e l  and subassembly checks 

performed during system fabr ica t ion  and assembly, two major t e s t i n g  

a c t i v i t i e s  were accomplished on the completed un i t s .  

of these w a s  a qua l i f i ca t ion  test  program conducted pr imari ly  t o  

demonstrate t h a t  design environmental object ives  had been achieved. System 

performance w a s  determined by means of formal acceptance tests witnessed by 

the  Boston Defense Contracts Administration Services Representative (DCASR) . 

The most extensive 

Comprehensive repor t s  have been issued covering both of these 

a c t i v i t i e s ,  consequently the  d a t a  w i l l  not be r e i t e r a t e d  here .  

s ign i f i can t  r e s u l t s  are summarized, however, t o  show t h a t  t he  system as 

designed d id  a t t a i n  t h e  required performance l eve l s  and t h a t  environmental 

c r i t e r i a  had been s a t i s f i e d .  

The most 

3.1 Qua l i f i ca t ion  Test ing 

Qua l i f i ca t ion  t e s t i n g  was conducted i n  accordance with t h e  

GSI test  procedure out l ined i n  reference 5.1.3. 

inspected and checked inaccordance with the  acceptance test  procedure then 

subjected t o  t h e  required environmental t es t ,  and f i n a l l y  inspected and 

acceptance t e s t ed  t o  determine i f  any physical ,  funct ional ,  or performance 

degradation had occurred. The sequence and r e s u l t s  of t he  qua l i f i ca t ion  

t e s t i n g  are summarized i n  Table 3. 

The test  a r t i c l e  w a s  f i r s t  

The only discrepancies noted were: 

1. A photocel l  f a i l u r e  during t h e  decompression tes t .  This f a i l u r e  

w a s  not repeatable  in subsequent t e s t i n g  and i s  a t t r i b u t e d  t o  

a f au l ty  photocel l .  

A severe vol tage t r ans i en t  and high current  loading during 

t e s t i n g  which resulted i n  damage t o  four cont ro l  un i t  components 

(they could not be  replaced due io t h e  pct t i r rg  cnnfiguration) , 
and 
An out-of-specification EM1 source which necess i ta ted  minor 

s y s t em mod i f i c a t  ion. 

2. 

3. 
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TABLE 3 

nUFLIFICATIQN TEST HISTORY 

TEST DATF FZW. F!K s 
Initial AcceFtance 10 Sept. 65 Start of qual. Testinu; Serial 

Low Temperature 10 Sept. 
Decompression 11-13 Sept. Failed; faulty pk.otocel1 
Cecompression 15-17 Sept. 
Kumi2ity 17-27 cept. 
Vibration 28  SeDt. 
Thermal Vacuuv 30 Se?t,-l Oct. 
EM1 Pusceptibili ty 8 Cct. Failed; system subjected to a 

YO. 2 

voltage transient and excessive 
current loading; burned out four 
components. Repair not possible 
due to potting configuration. 

E N  Susceptibility 18 Oct. 

EIfI F-adiation 1 E  Oct. 

Initial Acceptance 20 Oct. 
EFI Fadiation 20 Oct. 

Final Acceptance 22 Oct. 
High Temperature a NOV. 
Temperature-Altitude 8 Nov. 
Final Acceptance 18 Nov. 

Serial No. 3 replaces No. 2 as 
the qual. test unit; test results 
satisfactory. 
Failed; Exceede? limits for inter- 
ference at 22 and 4 4  PHz. Modifi- 
cation of control unit converter 
circuit reuuired to eliminate 
source of radiation. Mod, not 
possible on Serial No. 3 due to 
potting configuration. Test re- 
scheduled after mod. of Serial 
No. ' s  4 and 5. Remainder of qual. 
program continue6 later with 
Serial No. 3 .  

Serial No. 4 

Performance satisfactory; 
radiation problem eliminated. 
Shipped 23 Oct. 
Serial No. 3 
Serial T?o. 3 

Serial No. 3 qualified except 
fcr portions of EM1 radiation 
test. Units 4 and 5 modifiee 
to eliminate radiation source. 
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3.2 Acceptance T e s t i n g  

Acceptance tests were performed on a l l  del iverable  i t e m s  t o  demon- 

strate t h a t  system performance was within spec i f ied  limits and t h a t  t he  

equipment w a s  f r e e  from material, construction, workmanship, and functional 

def ic ienc ies .  

are summarized below. 

The performance standards and c r i t e r i a  of primary i n t e r e s t  

3.2.1 Power Consrmrpt ion 

Measured for  input voltages between 18 and 30.5 VDC. 

Input power was  not t o  exceed 3 watts when t h e  system was 

measuring dew point temperatures corresponding t o  a 

r e l a t i v e  humidity of 50% or  g rea t e r  a t  t he  nominal supply 

voltage of 28 VDC. 

Resul ts  

System power d iss ipa t ion  increases with decreasing dew point  

temperatures, primarily due 20 the  g rea t e r  amount of current  drawn by the  

thermoelectric cooler t o  achieve greater‘  depression (difference between 

ambient and dew point  temperature). 

3 w a t t s  at ambient/dew point temperatures corresponding t o  50% r e l a t i v e  

humidity i s  sa t i s f ac to ry .  

Consequently, a system which d iss ipa tes  

A l l  systems delivered under t h i s  contract  were within t h i s  tolerance.  

Only one w a s  considered marginal. 

measuring dew point  temperature a t  50.6% r e l a t i v e  humidity. 

of t yp ica l  power d iss ipa t ion  versus r e l a t i v e  humidity curves shows t h a t  t he  

system would requi re  3.1 w a t t s  a t  50% r e l a t i v e  humidity. 

t h i s  order is negl ig ib le  when t e s t  equipment tolerances are considered. 

System No. 5 required 3.08 w a t t s  when 

Extrapolation 

A deviation of 

3.2.2 Cal ibrat ion 

Each instrument w a s  t o  be ca l ibra ted  fo r  dew point  and ambient 
0 temperatures between 40 

used fo r  both. 

and lG0’ F. A s ing le  ca i ib ra t l s i i  curve was t o  be 

F of t h i s  curve. 0 System output was t o  be within 1 .2  

Results 

N o  discrepancies o r  anomalies were experienced i n  t h e  ca l ibra t ion  
Maximum deviation from l i n e a r i t y  w a s  less than 1 .2  F. 

0 
of  these  systems. 
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3.2.3 Accuracy 

Total  system e r r o r  when measuring e i t h e r  a dew point  temperature 
0 o r  ambient temperature w a s  not t o  exceed +_ 1 F. 

Results 

System e r r o r  did not exceed 5 1 0 F i n  any of t he  delivered items. 

System No. 5 w a s  re jec ted  when it exhibited a 1 . 5 O  F e r r o r  during acceptance 

t e s t i n g .  After  the  system w a s  reworked and adjusted,  however, it w a s  again 

subjected t o  t h e  e n t i r e  acceptance test procedure, t h i s  time with 

sa t i s f ac to ry  r e s u l t s .  

3.2.4 Dimensions 

Each u n i t  w a s  measured t o  ver i fy  t h a t  it w a s  within the  following 

dimensional envelope. 

Sensor - 3 inches long, 1 inch i n  diameter. 

Control U n i t -  6 inches long, 2 inches wide, 2% inches high. 

R e s u l t s  

The height and width of the cont ro l  u n i t  exceeded the  specif ied 

dimensions by 1/16 inch. 

band 1/32 inch th i ck  by 3/16 inch wide which w a s  brazed t o  the  outside 

surface of the  un i t s '  forward ends t o  provide g rea t e r  s t r u c t u r a l  r i g i d i t y .  

Measurement of t he  u n i t s  exclusive of t h i s  band showed them t o  be within 

t h e  spec i f ied  envelope. 

This deviation resu l ted  from the  addi t ion of a 

3.2.8 WeiPht 

Tota l  system @eight w a s  not t o  exceed 2 pounds, 4 Ounces. 

Results 

A l l  systems weighed l e s s  than 2 pounds, 4 ounces. 

-21- 



SECTION 4 

CONCLUSIONS AND REC-IONS 

I -  ! *  

I -  
I 

1 

The f i n a l  configuation and performance of the 137-S4-TEI Sensor 

and 1 3 7 4 5  Control Unit are considered by CSI t o  represent a s igni f icant  

improvement over other miniature dew point hygrcmeter temperature measuring 

instruments developed t o  date. 

indication tha t  t h i s  system is the ult imate instrument fo r  such app l i ca t ims .  

It is i n  f ac t ,  only a s ingle  s tep  in a continuing research and development 

e f f o r t .  

This should not be construed as an 

This section of the  report summarizes conclusions drawn concerning 

the  achievement of design goals arLd provides recommendations for  addi t ional  

engineering development. 

4 . 1 Conclusions 

4.1.1 Performance Criteria 

Analyses of t he  data obtained during development, qual i f icat ion,  

and acceptance tes t ing  show that the  systems delivered under t h i s  contract 

achieved the  required levels  of performance i n  terms of accuracy, power 

diss ipat ion,  l i n e a r i t y ,  s t a b i l i t y ,  and dynamic range. Response t ime data 

ver i fy  the achievement of design goals i n  the  dew point and surface 

temperature modes of operation. 

- 4.1.2 Environmental Criteria 
Achievement of the  environmental design goals is  evidenced i n  data 

from the  qua l i f ica t ion  tests (see reference 5.1.3). No noticeable degradation 

of performance w a s  noted when the  system w a s  subjected t o  e i the r  the 

operating or  non-operating environmental conditions specified i n  the state- 

m e n t  of work. The only area i n  which the data do not conclusively ver i fy  

system performance ais those associated with the  response time of t he  a i r  

temperature measurement i n  the  simulated no-flow condition of t h e  spacecraft. 

This i s  primarily due t o  the fact  tha t  the  test f a c i l i t i e s  required t o  

provide more meaningful data could na t  be obtained i n  t h e  time avai lable  

f o r  program c a q l e t i o n .  

had been achieved cannot be s ta ted i n  quant i ta t ive terms. 

Consequently the  degree t o  which the  design goals 
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4.2 Recanrmendat ions 

A s  t h e  r e s u l t  of experience gained during t h e  performance of t h i s  

cont rac t ,  several  areas have been iden t i f i ed  where s ign i f icant  improve- 

ments may be rea l ized .  

fur ther  development e f fo r t .  

Consideration of t he  following is  recommended f o r  

4.2.1 Thermoelectric Coolers 

Although t h e  small s i z e  and high capacity of chese components make 

a miniature hygrometer system feas ib le  i n  t h e  f i r s t  place,  large perform- 

ance var ia t ions  present ly  require  carefu l  matching and adjustment of 

sensors and control  un i t s .  

g rea t  as 40% i n  t he  optimum current of the  coolers.  Consequently, t h e  

degree t o  which sensors and control un i t s  may be interchanged is  qu i t e  

l imited.  Furthermore, the  present system design does not permit t h e  cooler 

current  control  t o  be adjusted t o  the  point  where maximum operating e f f ic iency  

is  achieved. It is an t ic ipa ted  tha t  input power reductions on t h e  order 

of 10% could be real ized by incorporating such adjustment devices. 

The major problem r e s u l t s  from var ia t ions  as 

I .  

1 

i 

4.2.2 Light Source 

The filament-type lamps present ly  employed as l i g h t  sources i n  the  

dew point sensors are the  most vulnerable components i n  the  system. The 

present  contractual  requirement specifying pot t ing  of a l l  e l e c t r i c a l  

connections e f f ec t ive ly  precludes replacement of t he  bulb during space 

f l i g h t .  Three a l t e r n a t i v e  means of eliminating t h i s  weakness are 

recommended : 

1. U s e  a filament lamp with lower voltage and higher current  

resu l t ing  i n  a more rugged lamp. Present lamp (5 v o l t s  a t  

15 ma) w a s  chosen for low power consumption. A lamp using 

3 v o l t s  and 60 m a  has considerably grea te r  r e l i a b i l i t y  but 

a r e  thzz twice t h e  power consumption. 

inexpensive and has high ce r t a in ty  of improvement. 

This approach i s  

2. Use a neon glow lamp. These lamps have no filament which 

would be subject t o  v ibra t iona l  f a i l u r e  and are a l s o  known 

t o  have exceptionally long l i f e .  

with t h i s  approach are the  high voltage required (about 70V) 
and t h e  f ac t  t h a t  a t  present no information is ava i l ab le  on 

a neon lamp of a small enough s i ze .  

Two d i f f i c u l t i e s  associated 
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3 .  U s e  a s o l i d  s t a t e  l i g h t  source. 

semiconductor diode l i gh t  emitters has advanced t o  t h e  point 

where such a device would be feas ib le .  H e r e  t h e  main problems 

are high p r i ce ,  higher power than a filament lamp and the  f a c t  

t h a t  a spec ia l  u n i t  would have t o  be designed and b u i l t  fo r  

t h i s  appl ica t ion .  This approach i s  expensive and has low 

ce r t a in ty  of success,  but t h e  po ten t i a l  improvement i s  g rea t .  

Advances i n  the  f i e l d  of 

4.2.3 Aspiration 

As noted i n  the  sec t ion  on Engineering Development, t he  lack  of 

a sp i r a t ion  and the  no-flow sampling presented problems i n  heat re jec t ion  

from t h e  thermoelectric cooler.  The resu l tan t  design is sa t i s f ac to ry  for 

appl ica t ions  involving shor t  duty cycles and long rest in t e rva l s ,  making 

use of t h e  thermal MSS of the  sensor as a heat s ink .  As t he  measurement 

cycle  i s  increased, however, t h e  heat diss ipated by the  cooler begins t o  

degrade i ts  cooling capabi l i ty  and reduces the  accuracy of t he  a i r  temper- 

a t u r e  measurement. Further , t h e  la rge  a r i f i c e s  necessi ta ted by diffusion 

sampling do not lend themselves t o  the  overa l l  concept of instrument 

r i g i d i t y  o r  exclusion of l i g h t  , and therefore  increase t h e  complexity of 

t h e  instrument. 

F ina l ly ,  t h e  technique of diffusion sampling i s  not compatible with 

t h e  requirement of rapid a i r  temperature measurement response. 

of the  temperature sensor i s  excellent f o r  surface temperature measurements 

but poor f o r  f r ee  a i r  measurements. The requirements fo r  a rugged r e l i a b l e  

sur face  sensor and those fo r  a fast response air  sensor t o  be used without 

a sp i r a t ion  are mutually exclusive. 

improvement could be obtained by re ta in ing  t h e  surface temperature element 

i n  a form s i m i l a r  t o  t h e  present un i t  but i n  addi t ion  t o  u t i l i z e  a t h i r d  

temperature Sensor of iow Kiierid. FSCC for t he  so l e  purpose of a f a s t  

response a i r  temperature measurement. This would requi re  four switch 

pos i t ions  - o f f ,  dew po in t ,  surface,  a i r .  I n  addi t ion  t o  t h e  use of t h i s  

a i r  sensor,  i t  would be desirable  t o  use some form of forced asp i ra t ion .  

A squeeze bulb o r  bellDws would probably be t h e  most e f f ec t ive  approach. 

The response 

It i s  recommended t h a t  considerable 
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4.2 .4  Thermistor Mouating 

One apparent mechanical weakness i n  the  system w a s  experienced 

i n  the  prototype un i t  (Ser ia l  No. 1) .  The leads from the  a i r / su r f ace  

temperature t h e m i s t o r  broke, apparently due t o  proionged use of t he  ins t ru-  

ment t o  measure surface temperatures. I n  i ts  present configuration the  

arrangement i s  prone t o  lead breakage because of t he  incompatibi l i ty  of 

r i g i d  pot t ing  material a t  one end of t h e  leads,  and repeated f lexing of 

t he  leads against  t h e  pot t ing .  Additional engineering development i s  

recommended t o  e l iminate  t h i s  weakness. The two approaches cur ren t ly  

envisioned are t o  u t i l i z e  leads designed f o r  g rea t e r  f l e x i b i l i t y ,  and t o  

decrease the  overa l l  mass of t he  sensor. 

4 -2.5 System Power 

I f  power d iss ipa t ion  is a major cons t ra in t  i n  development of 

fu tu re  systems,  rechargeable nickel-cadmium b a t t e r i e s  could be employed 

as the  power source. 

and used at a duty cycle  of about l O : l ,  i .e.,  a 3-minute measurement every 

30 minutes. 

They could be  t r i c k l e  charged a t  about 0.1 t o  0.2 w a t t  

The thermoelectric coolers used i n  these  systems typ ica l ly  operate 

more e f f ec t ive ly  from b a t t e r i e s  due t o  t h e i r  l o w  voltage,  high current  

c h a r a c t e r i s t i c s .  

4.2.6 Readout Accuracy and Resolution 

Improvement of both readout accuracy and reso lu t ion  can be achieved 

i n  fu ture  systems. The accuracy of t he  readout is  cur ren t ly  l imited by a 

l i n e a r i t y  requirement spec i f ied  primarily t o  accommodate t h e  t e l e m e t r y  

system. When t h e  t e l e m e t r y  output w a s  de le ted ,  t he  l i n e a r i t y  requirement 

w a s  no t ,  r e su l t i ng  i n  an unnecessary readout e r r o r  i n  c e r t a i n  areas of t h e  

sca l e .  The s ca l e  i t s e l f  i s  l i n e a r ,  huwever, thermistor output i s  typ ica l ly  

an S-curve. &-1 -iiiiprovez~ent i n  overa l l  accuracy could be achi-cved by 

d i s t o r t i n g  t h e  sca l e  t o  correspond d i r e c t l y  t o  the  themisto::  output 

c h a r a c t e r i s t i c s .  

Resolution of the  measurement can a l s o  be improved. Present ly ,  the  

r eadab i l i t y  i s  t o  the  neares t  5 F, r e su l t i ng  from the  small space allowed. 

Better r eadab i l i t y  can be obtained i n  t h i s  space i f  two meter sca l e s  are 

provided with a switch, 40' t o  70° F, and 70° t o  100' F. 

0 
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4.2.7 Package Improvement 

Additional refinements i n  the e l ec t ron ic s  packaging could be 

achieved by designing t h e  cont ro l  un i t  t o  incorporate separate ,  replaceable 

modules f o r  t he  power supply and control/readout sect ions.  These would be 

mounted on pr in ted  c i r c u i t  boards. Another f ac to r  worth considering is  

t h e  f a c t  t h a t  replacement of only half  of t h e  u n i t  would be necessary i n  

t h e  event of malfunction; current ly ,  component malfunction requires  

scrapping of t h e  e n t i r e  u n i t .  

c 
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SECTION 5 

REFERENCES 

5.1 Documents 
T 

4 5.1.1 Inspect ion Plan for  NASA/Gemini Dew Point Hygrometer 

(Control Unit 137 -C5) 

(Senso'r Unit 137-S4-TH) dated, 5 August 1965 

5 .1 .2  Acceptance Tes t  Procedure for  NASA/Gemini Dew Point 
Hyg romet e r 

dated, 5 August 1965 

5.1.3 Qual i f icat ion T e s t  Procedure f o r  NASA/Gemini Dew Point 
Hygrometer 

dated,  5 August 1965 

5.1.4 Equipment Manual for  NASA/Gemini Dew Point  Hygrometer 

dated,  5 August 1965 

5.1.5 Acceptance Reports fo r  NASA/Gemini Dew Point Hygrometer 

S e r i a l  Nos. 1, 4, and 5 dated, 5 August 1965 

5.1.6 Qual i f icat ion Test Report for  NASA/Gemini Dew Point  
Hygr ome t er 

dated, January 1966 

5.1.7 Monthly Progress Reports (1 through 5) dated 27 Ju ly ,  

27 August, 27 September, 29 October, and 29 November 1965. 

5.2 Drawinps 

The drawings released under t h i s  contract  are l i s t e d  i n  Table 4. 

* 
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